We established artificial consortia of bacteria inoculated from soil and a green alga, Chlorella vulgaris NIES-227. The bacteria and the alga were mixed in a tube or partitioned in a dialysing culture vessel, and the bacterial composition was examined after cultivation. The community of bacteria formed in the consortia included those phylogenetically closely related to the genera Phenylobacterium, Brevundimonas, Phyllobacterium, Afipia, Sphingomonas, Sandaracinobacter, Ramlibacter, Ralstonia, Cellvibrio, and so on. The community also included bacteria belonging to unknown genera within the phyla Bacteroidetes, Verrucomicrobia, and Acidobacteria. It was indicated that Ralstonia sp. and Cellvibrio sp. were attached to the algal cells and Phenylobacterium sp. Ramlibacter sp., Methylophilus sp., and Rhizobiaceae bacterium were not. It was suggested that bacteria belonging to the phylum Bacteroidetes and the class Alphaproteobacteria could be hemi-selectively enriched by the alga.
Microalgae and other microorganisms exhibit a wide range of associations, ranging from symbiosis to parasitism (1). Croft et al. (2) isolated a vitamin B12-producing bacterium, Halomonas sp., from a non-axenic culture of a microalga, Amphidinium operculatum (dinoflagellate), and succeeded in co-cultivating the bacterium with each of the two vitamin B12-requiring auxotrophic microalgae Porphyridium purpureum (red alga) and A. operculatum in a mineral medium without an organic carbon source. This association can be regarded as artificial symbiosis under nutrient-limiting conditions, although these species would not always be symbiotic partners in the natural environment. Watanabe et al. (11) isolated a strain of each of the four bacterial species and a fungal species from a non-axenic culture of the microalga Chlorella sorokiniana (green alga), and detected a growth-promoting effect of one bacterial strain and the fungal strain on the alga in an inorganic medium. Bacteria confined in an algal culture tube/flask may have facultative interactions with the alga as reported in the above studies, although the association is not always obligate. Otsuka et al. (6) showed that as-yet-uncultivated bacteria were unintentionally cultivated in non-axenic algal cultures, and expected that such bacteria could serve as novel bioresources. Before being used as bioresources, these bacteria should be isolated, cultivated, and preferably taxonomically described. For the valid description of a new bacterial species under the Bacteriological Code (1990 Revision), the type of the species should be a designated strain in pure culture whenever possible. Therefore, a method by which bacteria and algae can be separately co-cultivated would be useful. In the present study, we established an artificial consortium of bacteria and a microalgal species, Chlorella vulgaris, separated from each other in a dialysing vessel. Using this system, we examined whether as-yet-uncultivated bacteria could be enriched in culture without direct contact with algal cells. In addition, we examined the bacterial composition with and without attachment to the algal cells in an artificial consortium where bacteria and the alga were mixed.
Materials and Methods

Microalgal strain
An axenic strain of C. vulgaris NIES-227 was obtained from the Microbial Culture Collection at the National Institute for Environmental Studies, Tsukuba, Japan, and maintained in C medium (inorganic medium) (5) under a 16:8 light/dark cycle with a light intensity of approximately 20 µmol photons m −2 s −1 at about 25°C in the light and 20°C in the dark.
Algal-bacterial co-cultivation design
A sterile and disposable dialysing culture vessel partitioned into two with a 0.2-µm membrane filter (Biott, Tokyo, Japan) ( Fig. 1) was filled with 100 mL of sterile C medium (50 mL in each partition). The two partitions are hereinafter referred to as the algal and bacterial partitions. Two 25-mL glass tubes were also filled with 10 mL of C medium and sterilized. One milliliter of C. vulgaris NIES-227 culture about two weeks after the last subcultivation was transferred to the algal partition of the dialysing vessel and one of the glass tubes. A soil suspension of 10 −5 g of soil/mL was prepared as the source of bacteria as described previously (6) and filtered through a membrane filter (3 µm in diameter) so that algae, fungi and protozoa in the suspension could be removed to the maximum extent. One milliliter of the filtered soil suspension was inoculated in the bacterial partition of the dialysing vessel and both glass tubes. To summarize, after the above procedures, the dialysing vessel separately contained the bacterial source and the alga, one of the tubes contained their mixture, and the other tube contained the bacterial source only. These cultures are hereinafter referred to as the separate, the mixed and the control cultures, respectively. They were cultivated under the same conditions as for C. vulgaris NIES-227 described above. The absence of algal cells in the bacterial partition of the separate culture was confirmed with a photomicroscope before the subsequent analysis was carried out.
Analysis of bacterial composition
After seven weeks of cultivation, 1 mL each of the culture fluids was collected from the bacterial partition of the separate culture as well as the mixed/control cultures, concentrated by centrifuging at 16,000×g for 15 min at 16°C, and used as PCR templates without DNA extraction. PCR targeting the V3 region of the 16S rRNA gene (16S rDNA), denaturing gradient gel electrophoresis (DGGE) of the amplicons, subsequent cloning and sequencing of the excised DGGE bands, and a phylogenetic analysis were performed as described previously (6, 7) . Bacteria were tentatively identified at the genus level to the extent possible based on the results of the phylogenetic analysis (Fig. 3) .
At the same time (i.e., after seven weeks of cultivation), the mixed culture was subcultivated by transferring 1 mL of the culture to 10 mL of fresh C medium in triplicate, and maintained by subcultivation in the same way every three weeks (these cultures are hereinafter referred to as long-term mixed cultures). About 15 months after the first subcultivation, the fluids of the long-term mixed cultures were collected and filtered through 3-and 0.2-µm membrane filters in succession for separating the bacteria attached to the algal cells (or mucilaginous substances binding at the cell surface) from other free-living bacteria. It was expected that the attached bacteria would be retained by the 3-µm filter with algal cells and the free-living bacteria by the 0.2-µm filter. Both fractions of bacteria were harvested from the filter, suspended in distilled water and used as PCR templates without DNA extraction. PCR, DGGE, cloning, sequencing, and a phylogenetic analysis were performed as described previously (6, 7) . Bacteria harvested from both fractions were tentatively identified as described above.
Accession numbers of nucleotide sequences
Nucleotide sequences of the V3 region of the 16S rDNA determined in the present study were deposited in the DDBJ/EMBL/ GenBank databases under the following accession numbers: Sequences DC1-01 to DC1-20, AB511738 to AB511757; sequences MC1-01 to MC1-27, AB511703 to AB511729; sequences CC1-01 to CC1-08, AB511730 to AB511737; and sequences MC1S-01 to MC1S-06, AB511884 to AB511889.
Results and Discussion
The DGGE patterns from the separate, the mixed, and the control cultures after the seven-week cultivation are shown in Fig. 2 , and the phylogenetic positions of bacteria represented by the DGGE bands are shown in Fig. 3 . There were cases as previously reported (6) where one band included two sequences, or an identical sequence was detected in two different bands ( Fig. 2 and 3) . The sequences obtained from the bands were all identified as those of bacteria. The community of bacteria formed in the consortia included those phylogenetically closely related to the genera Phenylobacterium, Brevundimonas, Phyllobacterium, Afipia, Sphingomonas, Sandaracinobacter, Ramlibacter, Ralstonia, Cellvibrio, and so on. The community also included bacteria belonging to the phyla Bacteroidetes, Verrucomicrobia, and Acidobacteria (genera unidentified). Bacteria in the separate culture were chiefly composed of those belonging to the phylum Bacteroidetes and the class Alphaproteobacteria. Bacteria in the mixed culture were also chiefly composed of those belonging to the two taxa as well as to the classes Beta and Gammaproteobacteria. Since the inoculum-to-medium ratio was different between the mixed and the separate cultures, the microbial communities in the cultures were not directly comparable. However, it was shown that bacteria belonging to the phylum Bacteroidetes and the class Alphaproteobacteria were enriched in both the mixed and the separate cultures, and these two groups were also reported to be dominantly co-cultivated with algae in the previous study (6) . It is therefore possible that these groups of bacteria might be hemi-selectively enriched with algae.
Bacteria in the separate and the mixed cultures might utilize organic substances that were produced by the alga. Phenylobacterium sp., Erythrobacter sp., and Comamonadaceae bacteria survived in the control culture (Fig. 3A) , possibly living on a very low concentration of nutrients originally obtained from the inoculated soil suspension and/or debris of dead bacteria. In addition, the genus Erythrobacter includes phototrophic members, therefore, it is possible that the Erythrobacter sp. detected in the control culture benefited from photosynthesis. The sequences DC1-10, MC1-12, and CC1-01 detected in the separate, the mixed, and the control cultures, respectively, were identical (Fig. 3A) . It is possible that the alga in the consortia did not contribute to the growth of Phenylobacterium sp. represented by this sequence, because this bacterium survived in the control culture. However, this sequence was detected also in the long-term mixed culture after repeated sub-cultivation (described later). Therefore, this bacterium may also utilize algal photosynthetic products in the consortia.
In artificial consortia of a Chlorella strain and each of the three strains of bacteria, Ralstonia sp., Microbacterium sp. and Sphingomonas sp., it was observed that one strain (Ralstonia sp.) directly adhered to the Chlorella cell surface and the others were harbored on the 'sheath' of Chlorella (11). What was called a 'sheath' in that paper (11) is indeed not a sheath based on morphological features, but rather seems to be mucilaginous substances excreted by and attached to Chlorella cells. However, an important point is that all three bacterial strains examined were found attached to algal-associated structures (11) . In the present study, it was shown that bacteria co-cultivated with microalgae were not necessarily attached to algal cells at least in the separate culture. Bacteria represented by the sequences detected in the mixed culture, MC1-06, MC1-08, MC1-09, MC1-10, MC1-11, and MC1-16, and the sequence detected in the separate culture, DC1-11, were phylogenetically closely related to Brevundimonas sp. (Fig. 3A) . This group of bacteria were also detected in non-axenic Chlorella cultures examined in the previous study (6) . The sequence MC1-17 (=MC1S-05) in Fig. 3A , phylogenetically closely related to four genera including Phyllobacterium, was identical to that detected previously in non-axenic cultures of Chlorella sp. (6) and Chlorella saccharophila NIES-640 (10). These bacteria repeatedly detected in algal-bacterial consortia could have some association with the algae. This idea is partly supported by previous reports in which Brevundimonas sp. isolated from a microalga showed a growth-promoting effect on a strain of Chlorella ellipsoidea (8) and that a Phyllobacterium species had a close association with C. vulgaris (3).
Bacteria belonging to the phylum Bacteroidetes were not detected in the control culture. The Bacteroidetes bacteria detected in the separate and mixed cultures were located in three lineages within the two classes Sphingobacteria and Flavobacteria, and their taxonomic positions at the family level were not clear. This result is consistent with a previous report (6) , which showed that a high proportion of taxa of this phylum detected in algal-bacterial consortia belonged to previously undescribed genera or taxa of a higher rank.
Based on the DGGE banding patterns in Fig. 4 , bacterial composition in the long-term mixed cultures was similar among the three cultures, but not exactly the same. The strong and clear DGGE bands indicated by arrows in Fig. 4 were excised and their sequences were analyzed. These bands were composed of six sequences, MC1S-01, MC1S-02, MC1S-03, MC1S-04, MC1S-05, and MC1S-06, from bacteria tentatively identified as Cellvibrio sp., Methylophilus sp., Phenylobacterium sp., Ralstonia sp., Rhizobiaceae bacterium (genus unidentified), and Ramlibacter sp., respectively, by the phylogenetic analysis (Fig. 3) . Among these six taxonomic groups, Ralstonia sp. was detected in only one culture (culture M1 in Fig. 4) , Cellvibrio sp. in two (cultures M1 and M3 in Fig. 4) , and the others in all three cultures.
It was previously indicated that the composition of freeliving bacteria in non-axenic algal cultures was phylogenetically different from that of attached bacteria (9) . The six bacteria detected in this study were also divided into free-living and attached groups. Cellvibrio sp. and Ralstonia sp., represented by the arrowed DGGE bands 1A, 1D, 1E, 2A, and 3A in Fig. 4 , were expected to be attached to the algal cells or mucilaginous substances binding at the cell surface, because they were harvested only from the >3-µm fraction. Methylophilus sp., Phenylobacterium sp., Rhizobiaceae bacterium, and Ramlibacter sp., represented by the other arrowed DGGE bands in Fig. 4 , were expected to be free-living because they were harvested from the <3-µm fraction. It is possible that these bacteria include attached populations because they were mostly harvested also from the >3-µm fraction. Watanabe et al. (11) previously found that a strain of Ralstonia sp. was attached to Chlorella cells under co-cultivation, which is supported by the present result. The genus Cellvibrio includes members that degrade polysaccharides from plant cell walls (4), which might be related to the present result where Cellvibrio sp. was harvested from the fraction containing the algal cells. Cellvibrio sp. was also detected in the 'short-term' mixed culture (after seven weeks of co-cultivation) but not in the separate culture. It is possible that Cellvibrio sp. needs to be attached to algal cells so that they can live on carbon sources supplied by the algae. Rhizobiaceae bacterium and Ramlibacter sp. were detected in both fractions (>3 µm and <3 µm) of cultures M2 and M3, but detected only in the <3-µm fraction of culture M1. It is possible that Ralstonia sp., represented by the strongest DGGE bands derived from culture M1, might have affected the survival of Rhizobiaceae bacterium and Ramlibacter sp. in this culture.
Sequences identical to MC1S-01, MC1S-02, MC1S-03, and MC1S-05 were also detected in the short-term mixed culture (i.e. MC1-25, MC1-21, MC1-12, and MC1-17, corresponding to Cellvibrio sp., Methylophilus sp., Phenylobacterium sp., and Ramlibacter sp., respectively). It is indicated that the growth and/or survival of these bacteria including free-living cells were stable to some extent. Bacteria belonging to the phylum Bacteroidetes were not detected in the above DGGE bands derived from the long-term mixed cultures, although in the previous study, Bacteroidetes bacteria comprised a majority in a non-axenic Chlorella culture that was isolated from soil and maintained for about a year by serial subcultivation (6) . It is possible that the community structure of bacteria in an algal-bacterial consortium may not always be unchanged for a long time, being affected by both the alga and the other bacteria. Fig. 4 . DGGE banding patterns of bacteria harvested from the fractions >3 μm and <3 μm of the long-term mixed cultures after a 15-month co-cultivation in triplicate (assigned as M1, M2, and M3 in this figure) . The bands indicated by arrows were excised, cloned, and sequenced.
In conclusion, it is suggested that bacteria belonging to the phylum Bacteroidetes and the class Alphaproteobacteria could be hemi-selectively enriched by algae. It was shown that various bacteria lived with the alga in an inorganic medium without attachment to the algal cells. These findings indicate that many of the bacteria detected in the present study, including those within phylogenetically novel taxa, can potentially be separately co-cultivated with algae. Some of them could not be cultivated with general media ever known. Elucidating the cultivation conditions they require would be a next step, and could make it possible to cultivate them without an algal partner. Watanabe et al. (12) determined the contents of low molecular-mass carbohydrates, amino acids, and so on, in the culture broth of Chlorella under photoautotrophic conditions, and established an artificial medium imitating the nutritional conditions surrounding the algal strain. This kind of study will be effective in achieving the above objective.
